Two experiments were conducted to evaluate the use of neutral detergent insoluble nitrogen (NDIN) at a single in situ incubation time point to estimate the undegradable intake protein (UIP) in forages as well as to compare rates of NDIN degradation. Forage samples in Exp. 1 comprised diet samples collected from range and meadow pastures monthly from May through September. In Exp. 2, clipped samples of alfalfa, birdsfoot trefoil, kura clover, and smooth bromegrass, and diet samples of the mixed legume-grass and smooth bromegrass were evaluated. Forage samples were incubated in situ for their mean retention time (MRT) estimated from IVDMD plus a 10-h passage lag to yield the total MRT (TMRT). Samples were also incubated for 0 h, 10 h, 75% TMRT, and 96 h. Undegradable intake protein was measured at 75% TMRT and TMRT, and calculated using fractional rates of degradation and passage with a 10-h passage lag. Rates of ruminal NDIN degradation were calculated using the slope of the regression of the natural logarithm of the poten-
INTRODUCTION
The fraction of CP of feed that escapes ruminal degradation is the undegradable intake protein (UIP). Orskov and McDonald (1979) found that competing rates of passage (k p ) and degradation (k d ) ultimately determine the UIP of feed. The standard method of estimating the potentially digestible fraction of protein that escapes ruminal degradation uses a first-order disappearance model: UIP = [B * {k p /(k p +k d )}] + C (Broderick, 1994) . This approach assumes that ingested feed particles can pass out of the rumen immediately, even though some ingested forage particles may not be capa-1 651 tially degradable NDIN remaining (96-h undegradable fraction subtracted) against time. The estimated UIP values obtained using 75% TMRT were highly correlated with those obtained using fractional rates of degradation and passage plus accounting for a 10-h passage lag in Exp. 1 (R 2 = 0.95) and Exp. 2 (R 2 = 0.98). Rates of NDIN degradation of range and meadow samples in Exp. 1 were slower (P < 0.05) from 0 to 10 h in May and June compared with rates from 10 h to 75% TMRT, but rates of degradation were not different (P = 0.34 to 0.71) for the rest of the collection periods. Rates of degradation were not different from 0 to 10 h and 10 h to 75% TMRT in Exp. 2 for diet (P = 0.82) or clipped samples (P = 0.86). The UIP of the forages in these experiments was accurately estimated using NDIN at a single in situ incubation time point equivalent to 75% of the TMRT, and rates of protein degradation can be obtained at this time point when 0-and 96-h incubations are included. ble of immediate escape from the rumen because of particle size and buoyancy of entrapped gasses.
Forage residues incubated in situ contain microbes that significantly contribute to residual DM and N (Nocek, 1985; 1988; Nocek and Grant, 1987) . Mass et al. (1999) evaluated the use of NDF extraction as an alternative to the commonly used purine procedure (Zinn and Owens, 1986) to correct for microbial N, and Mass et al. (1999) showed that neutral detergent insoluble N (NDIN) from incubated residues was equal to total N of the residue corrected for purines. Previous work has suggested that forages be incubated in situ for their mean retention time (MRT) plus a 10-h passage lag (TMRT) for determination of the UIP fraction (Klopfenstein et al., 2001) ; however, further consideration of the forages in that particular article indicated that incubation of forages for their TMRT may underestimate UIP. Mathematically, it seems that a time point equivalent to 75% of the TMRT would more closely reflect the competing rates of passage and degradation on UIP values; therefore, it was hypothesized that re- ducing the TMRT to 75% TMRT would yield UIP values similar to the equation. The objectives of this study were to 1) compare UIP estimates of forage samples at 75% TMRT and TMRT using the NDIN procedure to equation values accounting for the rate of degradation and passage with a 10-h passage lag, and 2) compare rates of NDIN degradation.
MATERIALS AND METHODS

Forage Samples
Upland native range and subirrigated meadow forages grown at the University of Nebraska Gudmunsen Time point equivalent to 75% of the total mean retention time (TMRT).
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Total mean retention time. Calculation approach (CA; P < 0.01); CA × month (P = 0.36); CA × forage (P = 0.017); CA × month × forage (P = 0.66); forage (P = 0.15); forage × month (P < 0.01). Undegradable intake protein = [(1−k d1 10 ) * B * k p /(k p + k d2 )] + C, in which k d1 is the rate of neutral detergent insoluble CP degradation from 0-to 10-h; B is the initial pool of neutral detergent insoluble CP; k p is the rate of passage calculated from IVDMD; k d2 is the rate of neutral detergent insoluble CP degradation from 10-h to 75% TMRT; and C is the 96-h neutral detergent insoluble CP. Time point equivalent to 75% of the total mean retention time. Four forage types were included in Exp. 2: alfalfa (Medicago sativa L.), birdsfoot trefoil (Lotus corniculatus L.), kura clover (Trifolium ambiguum M. Bieb.), and smooth bromegrass (Bromus inermis Leyss.). Masticate samples were previously collected from smooth bromegrass pastures fertilized with 56 kg of N/ha or interseeded with birdsfoot trefoil, alfalfa, or kura clover (Ullerich, 2001) at the University of Nebraska Research and Development Center, Ithaca, Nebraska. Diet samples were collected using 4 ruminally fistulated steers (358 kg) grazing fertilized smooth bromegrass, alfalfa and smooth bromegrass, birdsfoot trefoil and smooth bromegrass, or kura clover and smooth bromegrass. Two samples were composited to represent the midpoint of a grazing period. There were 4 periods (May through September) in which diet samples were collected. The clipped samples from one collection period (May) were composed of only each single forage: smooth bromegrass, alfalfa, birdsfoot trefoil, or kura clover. All masticate (diet) and clipped samples were freeze-dried and ground to pass through a 2-mm screen for in situ incubation. A subsample was ground through a 1-mm screen for laboratory analysis.
In Situ Procedure
Two ruminally cannulated British-breed crossbred steers (556 kg), housed in individual stalls, were used to incubate samples in both experiments and for IVDMD analysis. The basal diet consisted of 70% smooth bromegrass hay and 30% concentrate fed twice daily for a total intake of 1.5% of BW. In vitro dry matter disappearance of the forage samples (1-mm grind) was determined using the Tilley and Terry method (1963) modified by the addition of 1 g/L of urea to the McDougall's buffer (Weiss, 1994) . Incubation time points equivalent to the TMRT and 75% TMRT were estimated using IVDMD to estimate the rate of passage. Two different equations were used to estimate the rate of passage due to information available relating IVDMD to rate of passage at the time of each experiment. In Exp. 1, the following equation was used to estimate the rate of Alfalfa (Alf), birdsfoot trefoil (BFT), kura clover (Kura), and smooth brome (Brome) samples collected by clipping or animal selection (diet) over 4 periods. The inverse of the rate of passage (k p ) was used to determine MRT, and a 10-h passage lag was added to the estimated MRT to yield the TMRT. The estimated TMRT for forages in Exp. 1 collected from range and meadow in May and meadow in June was approximately 31 h. Range samples in June and all range and meadow samples in July and August had TMRT of approximately 35 h, while the estimated TMRT for range and meadow samples collected in September was 40 h. Incubation time points for the forages in Exp. 2, based on rates of passage (TMRT and 75% TMRT), ranged from 18.7 to 41.2 h; therefore, samples were grouped into incubation time points based on their respective 75% TMRT and TMRT.
Dacron bags (5 × 10 cm; Ankom Inc., Fairport, NY) with an average pore size of 50 M were filled with 1.25 g of air-dry forage (2-mm grind) to yield an approximate sample DM:surface area ratio of 12.5 mg DM:cm 2 . In situ incubations were replicated using duplicate bags (Exp. 1) and using one bag per sample at each time point over 2 d (Exp. 2). This provided 2 bags/steer and 4 total bags/forage (2 bags/forage at 96 h). Incubations included 10-h, 75% TMRT, TMRT, and 96-h time points.
Four nonincubated (0-h) bags were also prepared for each sample. Bags were placed in mesh bags (40 × 36 cm) at a maximum rate of 50 in situ bags per mesh bag, presoaked in 39°C tap water for 0.3 h, and incubated in the ventral rumen of 2 ruminally fistulated steers (maximum of 6 mesh bags/steer). Samples were incubated in reverse order for 96 h, TMRT, 75% TMRT, and 10 h, and removed simultaneously.
Bags were machine washed (39°C) after removal from the rumen for 5 rinse cycles consisting of a 1-min agitation and a 2-min spin. Bags were then bulk refluxed in neutral detergent solution using a fiber analyzer (Ankom Inc., Fairport, NY) to remove microbial contamination according to the procedure of Mass et al. (1999) and dried at 60°C for 48 h. Samples were air-equilibrated for 3 h before weighing, and residues were analyzed for N by the combustion method (AOAC, 1996) using a combustion N analyzer (Leco FP-528; St. Joseph, MI).
Calculations
Undegradable intake protein (% DM) was calculated using the following equation of Broderick (1994) , modified to include a 10-h passage lag: Samples in Exp. 1 were analyzed using the MIXED procedure of SAS. Fixed effects in the model included forage (meadow and range) and incubation time (10 h, 75% TMRT, and TMRT). Pasture, nested within forage type, was included as a random effect. Month of collection was a repeated measure (compound symmetry covariance structure), and steer in which samples were incubated (n = 2) was considered a random effect. Masticate samples in Exp. 2 were analyzed using the repeated measures structure of the MIXED procedure of SAS. Fixed effects in the model for the diet samples included: forage (alfalfa, birdsfoot trefoil, kura clover, and smooth bromegrass), incubation time (10 h, 75% TMRT, and TMRT), and time (May, July, August, and September) as the repeated measure. Steer in which samples were incubated (n = 2) and day were included as random effects. Clipped samples in Exp. 2 were analyzed with forage (alfalfa, birdsfoot trefoil, kura clover, and smooth bromegrass) and incubation time (10 h, 75% TMRT, and TMRT) as fixed effects and steer and day as random effects.
RESULTS AND DISCUSSION
The IVDMD values for upland range and meadow samples collected from May through September (Exp. 1) are shown in Table 1 . From the IVDMD values, rates of passage and MRT were calculated and actual incubation times are shown. The original CP and undegraded protein (% DM) values are shown in Table 2 . Neutral detergent insoluble CP values (% DM) remaining at 0, 10, 75% TMRT, and TMRT were corrected for the 96-h fraction. Rates of degradation from 0 to 10 h, 10 h to 75% TMRT, and from 75% TMRT to TMRT for upland range and meadow samples collected May through September are shown in Table 3 . There was a month × incubation time interaction (P < 0.05) for rates of neutral detergent insoluble CP degradation from 0 to 10 h and 10 h to 75% TMRT. Rates of neutral detergent insoluble CP degradation of upland range and meadow samples were slower (P < 0.05) during the first 10 h of incubation in May and June compared to rates from 10 h to 75% TMRT, but rates of degradation were not different (P = 0.34 to 0.71) for the rest of the collection periods. There was also a tendency (P = 0.09) for a month × forage interaction for the rate of neutral detergent insoluble CP degradation as meadow samples in May and July degraded more rapidly from 0 to 75% TMRT than range samples (P < 0.05).
The UIP values obtained at 75% TMRT and TMRT and calculated using fractional rates of passage and degradation are shown in Table 4 for diet samples in Exp. 1. The single in situ UIP estimates (75% TMRT and TMRT) were compared with values of UIP obtained using a standard equation (Broderick, 1994) modified to include a 10-h passage lag. Undegradable intake protein values obtained with competing k p and k d (equation) represent mechanisms in the rumen and may be the most accurate estimates; therefore, 75% TMRT and TMRT UIP values were regressed against the calculated UIP values. Undegradable intake protein at 75% TMRT was more highly correlated (R 2 = 0.95) to calculated values than UIP at TMRT (R 2 = 0.54). The slope of the regression was 1.11 and was not different from 1 (P = 0.17). The intercept was −0.27 and was not different from 0 (P = 0.32).
The most widely used equation for calculating UIP (Broderick, 1994) does not include a passage lag and assumes a single rate of passage for all samples. There- fore, UIP values were calculated without using a passage lag and using the same rate of passage for all samples (mean kp of all samples; Table 1 ). The UIP values using this standard method were 32% greater (P < 0.01) than those calculated with one rate of degradation, a 10-h lag, and individual rates of passage. The calculation of 2 rates of degradation (0 to 10 h and 10 h to 75% TMRT) represents 2 possible approaches to calculating UIP values using the standard equation; therefore, equation UIP values (% DM) were calculated using a constant rate of degradation from 0 to 75% TMRT and using 2 different rates of degradation from 0 to 10 h and 10 h to 75% TMRT. The use of 2 rates in the equation did not (P = 0.52) change the overall UIP value (Table 4) . Despite the differences that may exist in the rates of protein degradation over the course of incubation, the use of a constant rate of degradation from 0 to 75% TMRT seems to be a viable option in the determination of the UIP content in forages.
Samples included in the in situ analysis were grouped into incubation time points so that an actual incubation time point of 20 h would include samples with estimated 75% TMRT points of 19, 20, and 21 h. The 75% TMRT values were adjusted to their predicted incubation time point using the following equation: UIP (% DM) = Fraction B * (1−k d ) h , in which h = predicted incubation − actual incubation (h) and Fraction B is the UIP measured at 75% TMRT corrected for the 96-h fraction. The rate of degradation from 10 h to 75% TMRT was used in the calculation if the predicted incubation time was less than the actual time incubated, and the rate of degradation from 75% TMRT to TMRT was used if the predicted incubation time was longer than the actual time incubated. Adjusted 75% TMRT values were similar (P = 0.63) to unadjusted UIP values at 75% TMRT (Table 4) .
The IVDMD values for diet and clipped samples in Exp. 2 are shown in Table 5 . The rates of passage and mean retention times were calculated from IVDMD. Actual incubation times are shown in Table 5 . The original CP and potentially degradable neutral detergent insoluble CP (% DM) remaining at each incubation time point of diet and clipped samples in Exp. 2 are shown in Table 6 . These values were used in the calculation of the rates of NDIN degradation. There were no interactions or main effects (P = 0.11 to 0.71) for the rate of NDIN degradation of diet or clipped samples (Table  7) . Rates of degradation were not different for forages within diet samples from 0 to 10 h and 10 h to 75% TMRT (P = 0.82) or from 10 h to 75% TMRT and 75% TMRT to TMRT (P = 0.87). Rates of degradation were not different among forages within clipped samples from 0 to 10 h and 10 h to 75% TMRT (P = 0.86) nor from 10 h to 75% TMRT and 75% TMRT and TMRT (P = 0.44), suggesting a constant rate of degradation for these forages from 0 h to TMRT. The rate of degradation from 0 h to 75% TMRT was not different among forages in diet (P = 0.12) or clipped (P = 0.11) samples.
Undegradable intake protein (% DM) values for the diet and clipped samples in Exp. 2 are shown in Table  8 . Estimates of UIP from 75% TMRT incubations were more highly correlated (R 2 = 0.98) with those calculated from the equation using fractional rates of degradation and passage plus accounting for a passage lag than estimates of UIP from TMRT incubations (R 2 = 0.83). The relationship observed was consistent with the single incubation UIP estimates for diet samples from upland range and meadow pastures at 75% TMRT when compared with the equation values for UIP in Exp. 1. The slope of the regression of the 75% TMRT UIP values on equation values was not different from 1 (P = 0.99), and the intercept was not different from 0 (P = 0.11).
The UIP values (% DM) at 75% TMRT were also adjusted to their exact length of incubation predicted by the 75% TMRT point as in Exp. 1; however, adjusted 75% TMRT values were not different from unadjusted 75% TMRT UIP values for diet (P = 0.76) or clipped (P = 0.84) samples. The UIP values calculated using the standard procedure (no passage lag and one passage rate) were 45% greater (P < 0.001) than values using a rate of degradation, a 10-h lag, and individual rates of passage.
There were main effects (P < 0.05) of calculation approach and forage for the 4 clipped samples on estimated UIP. Undegradable intake protein (% DM) values of the clipped samples based on TMRT (1.26) were ) * B * k p /(k p + k d2 )] + C, in which k d1 is the rate of neutral detergent insoluble CP degradation from 0 to 10-h; B is the initial pool of neutral detergent insoluble CP; k p is the rate of passage calculated from IVDMD; k d2 is the rate of neutral detergent insoluble CP degradation from 10-h to 75% TMRT; and C is the 96-h neutral detergent insoluble CP. In situ incubation at 75% TMRT and TMRT (total mean retention time). Clipped samples collected in May; alfalfa (Alf), birdsfoot trefoil (BFT), kura clover (Kura), smooth brome (Brome); calculation approach (CA; P < 0.01); forage (P < 0.01); CA × forage (P = 0.18).
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Diet samples collected May through September; CA (P < 0.01); period (P < 0.01); CA × period (P = 0.99; forage (P < 0.01); CA × forage (P = 0.73); forage × period (P < 0.01); CA × period × forage (P = 0.77). lower (P < 0.01) than when they were estimated from 75% TMRT (1.54), and degradation was overestimated when samples were incubated for their TMRT. Undegradable intake protein values (% DM) for birdsfoot trefoil, smooth bromegrass, alfalfa, and kura clover using adjusted 75% TMRT were 2.07, 1.61, 1.60, and 0.94, respectively. Birdsfoot trefoil (clip) had the highest (P < 0.01) UIP (% DM), whereas kura clover was lowest in UIP. Clipped alfalfa and smooth bromegrass were intermediate in UIP content.
There was an effect (P < 0.01) of calculation approach on diet UIP values (Table 8 ). There was an interaction of calculation approach and period (P < 0.01) but no interaction of calculation approach × forage (P = 0.73) or 3-way interaction of calculation method, period, and forage (P = 0.77). There was a forage × period (sampling month) interaction (P < 0.01) for UIP of the diet samples (Table 8 ). The UIP (% DM) of alfalfa and birdsfoot trefoil diet samples in May and September was not different; however, kura clover and smooth bromegrass diet samples were greater in UIP in September than in May. Hoffman et al. (1993) measured UIP of alfalfa, birdsfoot trefoil, and smooth bromegrass clipped samples across 3 maturities. Alfalfa contained 4.33, 4.61, and 4.88% UIP (% DM) at maturity 1, 2, and 3, respectively. Birdsfoot trefoil contained 3.48, 3.56, and 4.23% UIP (% DM) and smooth bromegrass was 4.68, 4.62, and 5.59% UIP (% DM) at maturity 1, 2, and 3, respectively. The UIP was calculated using the standard equation outlined by Broderick (1994) and a correction for microbial N was made. The reported values for these forages were greater than the UIP values in the current study likely due to the size of the measured B fraction of protein and/or oven drying of samples. The size of frac- tion B in the study by Hoffman et al. (1993) was roughly twice that of the B fraction for birdsfoot trefoil, alfalfa, and smooth bromegrass observed in the current study. A rate of passage of 0.06 h −1 was assumed, which would be equivalent to a 16.7 h MRT. A passage lag was not included and may explain the substantially larger UIP values reported.
In situ incubations of forage residues using the MRT of the particles in the rumen seems logical, as it is the mean time that the forage particles are in the rumen, and it is reflective of the rate of passage of particles through the rumen. A lag in the passage of forage particles from the rumen of 10 h has been suggested and is a period of time in which forage particles undergo changes increasing their chance of passage (Ellis et al., 1999; Wylie et al., 2000) . This additional time that forage particles spend in the rumen is important to account for because degradation of protein may be occurring during this passage lag period, and the flow of the UIP fraction of forages from the rumen may be reduced.
Accounting for a lag in passage by adding 10 h to the MRT represents the TMRT in which particles may be degraded. Previous attempts in research to select a single time point to mimic the estimated MRT of the feedstuff have inaccurately estimated the degradative properties of the feed (Orskov and McDonald, 1979; Broderick, 1994) . The UIP estimates of forages at TMRT incubations may overestimate degradation of protein; the UIP values at TMRT tended to produce smaller UIP estimates than those predicted by the standard equation described by Broderick (1994) with the inclusion of a 10-h passage lag. As a result, the 75% TMRT time point was tested in the current study in an attempt to more accurately reflect protein degradation in the rumen.
The use of NDIN (Mass et al., 1999) can be used as a direct estimate of UIP in forages at the appropriate incubation time because the microbial N is effectively removed from the feed residue. The regression of UIP (% DM) values at 75% TMRT of forage samples in Exp. 1 and Exp. 2 on equation values using a constant rate of degradation from 0 to 75% TMRT is shown in Figure  1 . The slope and the intercept of the regression line were not different (P > 0.13) from 1 and 0, respectively. The strong correlation (R 2 = 0.97) of the 75% TMRT and the equation UIP values across a wide range of forages from low quality range samples to high quality legumes indicates that the use of NDIN at 75% TMRT can be used to accurately quantify the UIP in forages.
Values obtained using the standard procedure (no passage lag and mean rate of passage) were also regressed on values using a constant rate of degradation, a 10-h lag, and individual rates of passage. The slope of the regression equation was not different from one (P = 0.92) with an R 2 of 0.88; however, the intercept was different from zero (P < 0.05). The values using mean rate of passage were 35% greater than values using the proposed procedure of 0.75 TMRT. An alternative consideration in the selection of an in situ incubation time point is that of the half-life residency of particles in the rumen (Ellis et al., 1994) . The half-life of markers in the rumen is the natural log of a reduction of one-half of the marker concentration divided by the marker's turnover rate. For example, a forage with a rate of passage of 0.05 h −1 would have a MRT of 20 h, a TMRT of 30 h, and the proposed incubation time point of 22.5 h. Using the half-life approach, this forage would have a half-life of 13.86 h (ln 0.5/0.05). The half-life incubation with the inclusion of a 10-h passage lag would give a proposed incubation time point of 23.86 h, which is close to the 22.5-h 75% TMRT point. Additional research may be warranted to further explore this possibility.
IMPLICATIONS
Incubation time in the rumen and correcting in situ residues for microbial nitrogen are important considerations in the accurate determination of undegradable intake protein in forages. A single in situ incubation time point equivalent to 75% total mean retention time can be used to determine the undegradable intake protein in forages using neutral detergent solution to correct for microbial nitrogen. A constant rate of degradation can be used in the calculation of undegradable intake protein without changing the overall value even if rates of degradation from 0 to 75% total mean retention time are not constant. The accurate quantification of the undegradable intake protein fraction in forages is important because undegradable intake protein can be limiting in animals with high metabolizable protein requirements. Improved knowledge of the degradative properties of forages can be incorporated into models using the metabolizable protein system to better predict animal responses.
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